In chronic inflammatory lesions there are increased numbers of macrophages with a possible contribution of enhanced survival/proliferation due, for example, to cytokine action; such lesions are often hypoxic. Prior studies have found that culture in low oxygen can promote monocyte/macrophage survival. We show here, using pharmacologic inhibitors, that the hypoxia-induced pro-survival response of macrophages exhibits a dependence on PI3-kinase and mTOR activities but surprisingly is suppressed by Akt and p38 MAPK activities. It was also found that in hypoxia at CSF-1 concentrations, which under normoxic conditions are suboptimal for macrophage proliferation, macrophages can proliferate more strongly with no evidence for alteration in CSF-1 receptor degradation kinetics. TNF promoted macrophage survival in normoxic conditions with an additive effect in hypoxia. The enhanced hypoxia-dependent survival and/or proliferation of macrophages in the presence of CSF-1 or TNF may contribute to their elevated numbers at a site of chronic inflammation. 
Introduction
In the absence of an appropriate stimulus, macrophages and neutrophils die by apoptosis thereby providing a mechanism for the resolution of an inflammatory response [1, 2] . Increased macrophage numbers at a site of chronic inflammation, such as the rheumatoid synovium, can correlate with poor disease progress [3, 4] . One contributing factor to these increased numbers, in addition to altered cell trafficking, could be their enhanced local survival/proliferation [5] . In the absence of sufficient signaling from the widely expressed growth factor, macrophage-colony stimulating factor (M-CSF or CSF-1), which is responsible for their development and maintenance in tissues [6] , many macrophage lineage populations die by apoptosis [2] . CSF-1-dependent monocyte/macrophage survival is believed to be critically dependent on a pathway involving phosphatidylinositol 3-kinase (PI3-K) and Akt activities [7, 8, 9, 10] .
Chronic inflammatory lesions rich in macrophages are often hypoxic due to reduced blood supply with this reduced tissue oxygen tension postulated to contribute to the pathology [11] . Tissue hypoxia can lead to cellular dysfunction and eventually cell death, and to maintain viability and activity cells must adapt to periods of hypoxia by adopting a strategy to maintain their ATP levels [11, 12] . Macrophages [13] and neutrophils [14] can adapt quite well to hypoxic conditions and a number of monocyte/ macrophage changes have been reported such as altered phagocytosis, migration and gene expression [15, 16, 17, 18] . Like the response to human neutrophils [19, 20] , but unlike that for many cell types including rodent macrophages and macrophage cell lines [21, 22, 23, 24] , we recently showed for the first time that culture of CSF-1-starved murine bone marrow-derived macrophages (BMM) and human monocytes in low oxygen tension promoted cell survival by delaying apoptosis [25] . Glycolysis was also enhanced. It was proposed that this pro-survival effect on macrophage populations could contribute to their increased numbers at sites of chronic inflammation and in tumor lesions [25] . Changes in Akt activity and Bcl-2 family member expression in hypoxia-exposed BMM were noted but with no conclusions as to their role being able to be made; thus the signal transduction cascades mediating this pro-survival response to hypoxia remain to be elucidated.
TNF is a key pro-inflammatory cytokine and its blockade can be efficacious in chronic inflammatory/autoimmune diseases, such as rheumatoid arthritis. Its neutralization can lead to reduced macrophage numbers and increased apoptosis in the rheumatoid synovium with a correlation with efficacy being noted [5, 26, 27] . Like hypoxia [28] , TNF can increase glucose uptake in macrophage-rich tissues [29] and human macrophages [28] ; an additive effect was noted in hypoxia [28] . Enhanced glucose uptake by macrophages is a common response to a number of agents which promote macrophage survival [30, 31, 32, 33, 34] . In the literature dramatically opposed observations on BMM viability in response to TNF under normoxic conditions have been reported [35, 36, 37, 38] .
We show here, using a series of specific pharmacologic inhibitors, that the hypoxia-induced pro-survival response of CSF-1-starved BMM exhibits a partial dependence on PI3-K and S6 kinase (S6K) activities but unexpectedly is enhanced by Akt and p38 MAPK inhibition. We also show that in hypoxia at CSF-1 concentrations, which under normoxic conditions are suboptimal for macrophage proliferation, macrophages can proliferate more strongly. We also found that TNF promoted BMM survival with an additive effect in hypoxia.
Materials and Methods

Ethics Statement
This work has been approved by the University of Melbourne Animal Ethics Committee.
Reagents
Reagents used were as follows: recombinant human CSF-1 (Chiron), recombinant murine TNF (R&D Systems), propidium iodide (Sigma), wortmannin (Calbiochem), LY294002 (Merck), Akt VIII (Merck), rapamycin (Calbiochem), PD98059 (Merck), U0126 (Merck), SB203580 (Merck) and antibodies: anti-phosphotyrosine (4G10) (Millipore), monoclonal anti-CSF-1R (AFS98) (eBioscience), anti-CSF-1R and anti-Erk2 (Santa Cruz Biotech), anti-phospho-Tyr809 CSF-1R, anti-phospho-Thr202/Tyr204 Erk1/2, anti-phospho-Ser473 Akt, and anti-phospho-Tyr705 Stat3 (Cell Signaling Technology).
Preparation of bone marrow-derived macrophages
Adherent bone marrow-derived macrophages (BMM) were generated from precursors in the presence of CSF-1 by a protocol similar to one previously described [25] . Briefly, bone marrow cells were isolated from the femurs of mice and cultured in RPMI 1640 media (Invitrogen), supplemented with penicillin (100 U/mL)/ streptomycin (100 mg/mL), 20 mM HEPES (Invitrogen), and 10% heat-inactivated FBS in the presence of 5,000 U/mL of CSF-1 in Iwaki dishes. After a total of 5-7 days, adherent monolayers were harvested and the cells seeded into 6-well Iwaki plates (to allow for easier cell detachment at termination), again in the presence of the above growth medium, and incubated overnight under normoxic conditions (21% and 5% CO 2 ) to allow for adherence. Following washing, the viable cell number was counted as the value at time = 0.
Hypoxic treatment
For hypoxia experiments, BMM from above were transferred from incubation overnight under normoxic conditions into a precalibrated hypoxic chamber (Coy Laboratories) with a 1% O 2 and 5% CO 2 flow [25] .
Viable cell number
Cell viability was measured using the trypan blue exclusion method. Cells were removed from Iwaki wells using either cell dissociation buffer (Sigma-Aldrich) as per the manufacturer's instructions or by incubating cells with PBS at 37uC for 20 min, followed by gentle pipetting to dislodge cells.
Sub-G 0 /G 1 DNA (apoptosis) assay Briefly, dislodged BMM cells were resuspended in 50 ml of PBS, and 1 mL of ice-cold 70% ethanol was added. Cells were left overnight at 4uC and, on the following day, were pelleted, washed with PBS, and resuspended in 0.5 mL of a staining solution containing 69 mM propidium iodide and 5 mg/mL RNase A in 38 mM sodium citrate [39] . Stained cells were analyzed using a FACSCalibur (BD Biosciences) flow cytometer. All data analysis was conducted using CellQuest (version 3.1) (BD Biosciences).
Cell lysis, SDS-PAGE, and Western blotting
Cells were lysed directly in tissue culture dishes with Nonidet P-40 lysis buffer (20 mM Tris-HC1 (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 10% glycerol, 1 mM sodium orthovanadate, 10 mM NaF, 10 mM b-glycerophosphate) containing Complete TM protease inhibitor cocktail (Roche) for 30 min on ice. Lysates were clarified by centrifugation at 15,000 rpm for 10 min at 4uC, and the protein concentrations measured using a protein assay kit (Bio-Rad). SDS-PAGE and Western blotting were performed by standard techniques [25] .
Results
Effect of signaling pathway inhibitors on hypoxiainduced macrophage survival
We showed before that the loss of viability of BMM upon CSF-1 withdrawal was reduced under hypoxic conditions [25] . In contrast to enhanced glucose uptake, no correlation was found for the enhanced survival with Akt activity and Bcl-2 family member expression. We therefore explored the pathways that may be involved in this pro-survival or anti-apoptotic effect of hypoxia by the addition of a number of pathway inhibitors. Using flow cytometry and the appearance of sub-G 0 /G 1 DNA as an indicator of apoptosis in CSF-1-deprived BMM [39] , when such CSF-1-starved BMM were placed under hypoxic conditions we observed less apoptosis -representative plots are provided in Figures 1A and 1B and mean values from replicate cultures given in Figure 2 . Data for the effects of a series of pharmacologic inhibitors on this prosurvival effect of hypoxia are also presented in Figures 1C-I and Figure 2A . We see that the PI3-K inhibitors, wortmannin ( Fig. 1C ) and LY294002 (Fig. 1D ), suppressed this pro-survival effect, measured over a 24 h period ( Fig. 2A) . Since PI3-K activity is upstream of Akt and S6K activities in stimulated BMM [40, 41] we tested the effect of their inhibitors, namely Akt VIII [33] and rapamycin [40] , respectively (note: rapamycin prevents activation of S6K activity, for example, via its target, mTOR [41] ). The latter inhibitor was capable of suppressing the anti-apoptotic response to hypoxia ( Fig. 1F ; Fig. 2A ) but, surprisingly, there was less apoptosis in the presence of Akt VIII ( Fig. 1E ; Fig. 2A ). Also there were more viable cells remaining when Akt VIII was added in hypoxia as well as under normoxic conditions for CSF-1-starved BMM (Fig. 2B ). The MEK1/2 inhibitors, U0126 and PD98059, were ineffective in inhibiting the anti-apoptotic response to hypoxia (Figs. 1G and 1H; Fig. 2A) ; interestingly, there was less apoptosis in hypoxia-exposed BMM in the presence of the p38 MAPK inhibitor, SB203580 ( Fig. 1I ; Fig. 2A ).
Presumably the loss of viability in CSF-1-starved BMM [30] reflects the gradual decline in the CSF-1 signaling previously imparted to the BMM during their preparation and it could be that hypoxia prolongs this signaling in the absence of CSF-1. We therefore compared the effects of the same pathway inhibitors on the pro-survival action of CSF-1 under normoxic conditions. Using a low concentration of CSF-1 (640 U/mL) to induce BMM survival [30, 41, 42, 43] , the effects of the same pathway inhibitors on the pro-survival effects of CSF-1 under normoxic conditions were similar to those noted above for CSF-1-depleted BMM in hypoxia (Fig. 3) ; in separate experiments, the MEK inhibitors, U0126 and PD 98059, gave at best only slight inhibition (data not shown). While completely inhibiting CSF-1-stimulated Akt activity in BMM, it was found recently that both wortmannin and Akt VIII also suppressed completely the CSF-1-stimulated glucose uptake [33] ; constitutively active Akt also enhanced glucose uptake and the survival of CSF-1-depleted BMM. Based at least on this evidence and the data with PI3-K inhibitors, it would have been predicted that Akt VIII would suppress CSF-1-induced BMM survival. However, unlike LY294002, as for hypoxia exposure, there was again even less apoptosis in CSF-1-treated BMM in the presence of Akt VIII (Fig. 3) .
Effect of hypoxia on macrophage proliferation in the presence of CSF-1
Cell proliferation. Macrophages in tissues are likely to be exposed to the ubiquitously expressed CSF-1 [44] . We showed previously [25] that when BMM were exposed to hypoxic conditions in the presence of low or pro-survival concentrations of CSF-1, the pro-survival response to such concentrations was also enhanced. At the high CSF-1 concentrations used for their generation from bone marrow precursors, the adherent BMM themselves proliferate [40, 41, 42] . We therefore tested whether there might be an increased proliferative response under hypoxic conditions to CSF-1 concentrations which normally give a suboptimal proliferative response. We see for the experiment whose data are shown in Figure 4 that the hypoxic BMM did in fact show an enhanced proliferation when compared with their normoxic counterparts at such a concentration (1250 U/mL); also in the experiment shown proliferation was observed in hypoxia at 640 U/mL which resulted only in some maintenance of cell number under normoxic conditions. CSF-1 receptor signaling. Given the findings above that hypoxia can potentiate the mitogenic effects of CSF-1 on BMM, we investigated the consequences of hypoxia on signaling by the CSF-1 receptor. The magnitude and duration of CSF-1 receptor autophosphorylation at Tyr809 (within the catalytic loop of the kinase domain [45] ) appeared unaffected by hypoxia as did the kinetics of the CSF-1-induced degradation of its receptor (Fig. 5) . Notably, CSF-1-induced Erk1/2 activation was delayed in hypoxia, but with no obvious change in Akt activation. In the case of Stat3, there appeared to be a slight but transient increase in its activation in response to CSF-1 stimulation in hypoxia (Fig. 5) . Effect of hypoxia on macrophage survival in the presence of TNF Another cytokine to which macrophages in an inflammatory and hypoxic environment are likely to be exposed is TNF [11, 26] . Like hypoxia [25, 28] , TNF can stimulate glucose uptake in macrophages [28] ; an additive effect was noted under hypoxic conditions. Since enhanced glucose uptake has been implicated in the pro-survival effects on macrophages of a number of stimuli [30, 31, 32, 33, 34] , we considered that there might also be an additive effect on macrophage survival between TNF and hypoxia. We first measured the viability response of CSF-1-starved BMM to TNF under normoxic conditions. As observed in Figure 6 , BMM exhibited a pro-survival, but not a mitogenic, response to TNFthe data shown are for an optimal concentration (10 ng/mL). One possibility is that endogenous CSF-1 is being stimulated by the TNF and thereby mediating its action. This mechanism seems unlikely, however, since a similar TNF dose response for survival was noted for BMM from Csf1 op /Csf1 op mice (i.e. mice with an inactivating CSF-1 mutation [44] ); also neutralizing anti-CSF-1 receptor monoclonal antibody (AFS-98), while suppressing the pro-survival effect of CSF-1 as expected, failed to block that due to TNF (data not shown). We drew a similar conclusion before for the pro-survival effect of hypoxia by using Csf1 op /Csf1 op BMM [25] .
There was an additive pro-survival affect when BMM were cultured in hypoxia and in optimal TNF concentration (Fig. 6) ; a similar effect was noted at sub-optimal TNF concentrations (data not shown). It can be seen that, unlike the response to CSF-1 (Fig. 4) , no increase in cell number, relative to the starting value, was found for the TNF-treated cells in hypoxia. Thus under both normoxic and hypoxic conditions, in our hands TNF, unlike CSF-1, was a pro-survival factor for BMM but not a mitogen.
Discussion
The above findings extend our prior ones showing that hypoxia, in contrast to its effects on most other cell types [14] , can prolong CSF-1-starved BMM and human monocyte survival with implications for the increased macrophage numbers in hypoxic inflammatory lesions [25] . Using pharmacologic inhibitors, it would appear that there is some dependence on a pathway(s) involving PI3-K activity and mTOR activity (possibly via S6K), but a lack of dependence on Erk1/2 activity. Surprisingly, inhibition of both Akt and p38 MAPK activities led to even less apoptosis than in hypoxia alone. By similar inhibitor approach to ours, direct hypoxia-mediated human neutrophil survival was found to be independent of the PI3-K pathway [20] . The pattern of the survival response in the presence of the various inhibitors was similar for hypoxic CSF-1-starved BMM, on the one hand, and for CSF-1-treated BMM on the other. This would tend to suggest that there are at least some common elements (i.e. convergence) to the respective signaling pathways through which hypoxia and CSF-1 exert their pro-survival effects on macrophages (Fig. 7) . Given that intracellular levels of reactive oxygen species (ROS) can become elevated under hypoxic conditions, including in macrophages [46] , the pro-survival effects of hypoxia are potentially mediated, at least in part, via the actions of ROS on CSF-1 signaling. For instance, ROS have recently been shown to enhance CSF-1-induced PI3-K signaling in BMM through the inhibitory effects of ROS on the phosphatase, SHP-1 [47] . Thus, PI3-K could represent a convergence point for hypoxia-and CSF-1-mediated survival signaling pathways in macrophages (Fig. 7) . Hypoxia could also promote BMM survival independently of CSF-1 signaling through the activation of NF-kB by ROS [48, 49] (Fig. 7) . Another possible explanation is that endogenous CSF-1 is mediating the prosurvival effect of hypoxia as discussed before [25] . However, this indirect mechanism would not appear to be operating since we found previously [25] that hypoxia promoted survival of BMM from Csf1 op /Csf1 op mice with an inactivating CSF-1 mutation.
Since expression of constitutively active Akt partially enhanced the survival of CSF-1-depleted BMM [33] and human monocytes [10] , and given the prior literature implicating a PI3-K/Akt pathway in CSF-1-mediated monocyte/macrophage survival [7, 9, 10, 50] and glucose uptake [33] , it was assumed that the inhibitor, Akt VIII, would suppress such survival and also that enhanced by hypoxia, i.e. opposite to what we found above. In this context, however, it was recently reported that Akt activity was not required for BMM survival; instead Akt was shown to be required for the differentiation of BMM into osteoclasts [51] . In the same study mTOR was shown to have a critical role in mediating BMM survival [51] , a finding consistent with our own data here with rapamycin. As judged by the effects of LY294002, we found some dependence on PI3-K activity for the pro-survival response to CSF-1. The prior studies with CSF-1-treated monocytes/macrophages examining the role of a PI3-K/Akt pathway [7, 9, 10, 50] did not employ Akt inhibition; further blockade/depletion studies are required to clarify whether Akt has in fact a suppressive role in both hypoxia-and CSF-1-mediated macrophage lineage survival, as suggested by our results with Akt VIII Fig. 7) . Additional strategies are also needed to confirm the potentiation by p38 MAPK inhibition of hypoxia-and CSF-1-mediated survival found above with its implication of a pro-apoptotic effect of p38 MAPK under the particular cell conditions (Fig. 7) . Others have also found that p38 MAPK inhibition did not suppress CSF-1-induced BMM survival [9] . Whether there is a link between Akt and p38 MAPK pathways in our studies, as has been reported in other cell types [52, 53] , is unknown.
We also showed above in hypoxia that CSF-1 concentrations, which are suboptimal for BMM proliferation under normoxic conditions, BMM can in fact proliferate more strongly at least over the time scale examined. These data for hypoxia are similar to what we found with other stimuli, such as low concentrations of oxidized LDL and particulate adjuvants [43, 54, 55] , and extend our previous observations on the enhanced survival of BMM to CSF-1 in hypoxia [25] . Thus hypoxia can be added to the list of stimuli [55] which can determine the minimum concentration of CSF-1 required to give a mitogenic response in certain macrophage lineage populations, i.e. determine whether a particular (low) CSF-1 concentration can induce proliferation or just survival. Since macrophages in vivo are likely to be in the presence of CSF-1 in tissues [44] , the enhanced hypoxia-dependent survival/ proliferation of macrophages in the presence of sub-optimal CSF-1 concentrations could also be relevant for their increased numbers in chronic inflammatory lesions, for example, the rheumatoid synovium [5, 56] .
It was recently reported that the rate at which the EGF receptor is internalized into early endosomes, and subsequently degraded in the lysosomal compartment, is reduced in hypoxia [57] . This finding led the authors to suggest that delayed endocytic trafficking of the EGF receptor in hypoxia may ultimately drive tumor cell survival through more sustained EGF receptor-mediated signaling. Following its CSF-1-induced internalization, the CSF-1 receptor is trafficked via the endocytic system to lysosomes where it is degraded; this is believed to represent a key mechanism for preventing on-going signaling by the CSF-1 receptor [45] . A slower rate of CSF-1 receptor endocytosis in hypoxia could therefore potentially explain the enhanced mitogenic effects of CSF-1 on BMM under those conditions. However, there was no evidence for a hypoxia-mediated alteration in CSF-1R degradation or autophosphorylation. The significance of the slight delay in CSF-1-induced Erk1/2 activation in hypoxia is unknown. Thus it is unknown how the signaling output arising from the stimulation of macrophages in hypoxia with a CSF-1 concentration that is Figure 7 . Pathways regulating hypoxia-and CSF-1-induced macrophage survival. CSF-1-depleted BMM, which die by apoptosis, were exposed to hypoxia and a ''pro-survival'' CSF-1 concentration. The working model illustrates the putative signaling pathways that regulate hypoxia-and CSF-1-induced macrophage survival based on inhibitor effects. In the presence of both stimuli, PI3-K inhibitors (wortmannin and LY294002) and the mTOR inhibitor (rapamycin) suppress macrophage survival, whereas the Akt inhibitor (Akt VIII) and the p38 MAPK inhibitor (SB203580) suppress apoptosis. It is proposed that hypoxia may regulate macrophage survival independently of CSF-1 via reactive oxygen species (ROS)-mediated NF-kB activation. Hypoxia may also modulate CSF-1-mediated macrophage survival/apoptosis again via ROS, which antagonize the phosphatases negatively regulating PI3-K and p38 MAPK activity, respectively. Possible other CSF-1-dependent pro-survival pathways are indicated (?). The Akt-and p38 MAPKdependent signaling pathways putatively involved in regulating macrophage apoptosis are also shown. doi:10.1371/journal.pone.0045853.g007 typically sub-optimal for macrophage survival and/or proliferation becomes equivalent to that triggered under normoxic conditions by an optimal CSF-1 concentration.
In agreement with the literature for human monocytes [58] and for BMM in certain studies, but for some reason not in others [35, 36, 37] , we observed that TNF also promoted BMM survival. As proposed for CSF-1, this pro-survival response may contribute to the increased numbers of macrophages in the tissues of chronic inflammatory diseases [5, 56] . In this connection, in the rheumatoid synovium macrophage numbers are reduced following TNF blockade [26, 27] and reduced macrophage survival has been suggested as one mechanism [5] . Under hypoxic conditions the anti-apoptotic effect of an optimal TNF concentration was enhanced even further. This additive effect of TNF and hypoxia could be related to their additive effects on BMM glucose uptake noted [28] . Our data are consistent with the possibility that TNF can prolong macrophage survival particularly in a hypoxic environment, such as a site of an inflammatory reaction, and perhaps have relevance for the proposed interdependence of the innate and hypoxic responses to tissue injury and infection [59] .
Unlike CSF-1, TNF was not a mitogen for BMM under either normoxic or hypoxic conditions. The signal transduction pathways governing the TNF pro-survival effect noted above were not examined but have been by others [37, 38] ; in these studies, the PI3/Akt pathway, Akt activity and expression levels of Bcl-X L and Bcl-2 did not correlate with pro-or anti-apoptotic responses although there was evidence for NF-kB-dependence. It is likely that the signaling pathways governing TNF-mediated survival in macrophages will show significant differences from those utilized by CSF-1 given their vastly different receptors.
